The differences in rates of frameshift mutations between a dinucleotide repeat sequence [(CA) 17 ] and a tetranucleotide repeat sequence [(GAAA) 17 ] have been determined in immortalized, non-tumorigenic, mismatch repair-proficient mouse cells and in mismatch repair-defective human colorectal cancer cells. Clones with mutations were selected on the basis of restoration of activity of a bacterial neomycin resistance gene whose reading frame was disrupted by insertion of the microsatellite upstream of the translation initiation codon. This gene was introduced into the cells on a plasmid, which integrated into the genome of the host cells. Mutation rates of the tetranucleotide repeat were much lower than those of the dinucleotide repeat in both cell types. In addition, independent subclones of the colorectal cancer cell line were assayed by PCR for instability of endogenous tetranucleotide and dinucleotide repeat sequences. In all cases, the mutation frequencies of the dinucleotide repeats were higher than those of the tetranucleotide repeats.
INTRODUCTION
Microsatellite sequences are used frequently as markers for the construction of genetic maps (1) , analysis of population structure and evolution (2) , and detection of mutational instability in cancer (3) . Endogenous microsatellites with different sequence compositions vary with respect to the extent of polymorphism (4) and, therefore, in utility as genetic markers. The mutations that give rise to these polymorphisms generally are insertions or deletions of integral numbers of repeat units within a tract. The most likely mechanism for these frameshift mutations is thought to be slippage of DNA polymerase during replication on the repetitive template (5, 6) . Observed microsatellite mutation rates in normal cells are the result of a combination of the actual rate of occurrence of mutations and the efficiency of mismatch repair (7, 8) .
There have been conflicting reports in the literature regarding the effect of repeat unit length on the stability of microsatellites. Several particular microsatellites composed predominantly of tetranucleotide or pentanucleotide repeats have been reported to have exceptionally high germline mutation rates in humans (9) (10) (11) . Some human population studies have suggested that tetranucleotide repeats are more highly polymorphic than dinucleotide repeats (12, 13) , although others have found the opposite to be the case (14) . Data from tumors with high levels of microsatellite instability, usually resulting from mismatch repair deficiency, suggest that dinucleotide repeats are less stable under these conditions than microsatellites composed of larger repeat units (15) (16) (17) ; however, it has been reported that, in tumors with low levels of microsatellite instability (a mutation in only one microsatellite out of several such markers that were tested), tetranucleotide repeat mutations are more frequent than dinucleotide repeat mutations (18, 19) .
Some of these previous reports are anecdotal, some of the conclusions are tentative and based on small numbers of observations, and some are based on indirect, mathematical arguments. We have made a direct comparison of the mutation rates in cultured mammalian cells for a dinucleotide and a tetranucleotide repeat composed of the same numbers of repeat units. These microsatellites were introduced into cells on a plasmid that became integrated into the host cell genome. Mutation rates for the tetranucleotide sequence in both mismatch repair-proficient and mismatch repair-deficient cells have been determined and compared with rates that were obtained previously for the dinucleotide sequence in the same cell lines. In addition, we have determined mutation frequencies for several endogenous dinucleotide and tetranucleotide repeats in independent clones of mismatch repair-deficient cells. In all cases, we have found that tetranucleotide repeats are considerably more stable than dinucleotide repeats.
RESULTS

Comparison of mutation rates between (GAAA) 17 and (CA) 17 repeats
Cultured cells containing an integrated plasmid that included the (GAAA) 17 microsatellite were used for selection of frameshift mutations, which were generally expected to + To whom correspondence should be addressed at: Department of Pathology and Laboratory Medicine, University of North Carolina at Chapel Hill, CB #7525 Brinkhous-Bullitt Building, Chapel Hill, NC 27599-7525, USA. Tel: +1 919 966 6920; Fax: +1 919 966 0717; Email: rfarber@med.unc.edu involve integral numbers of tetranucleotide repeats. A map of the plasmid p(GAAA) 17 is shown in Figure 1 . The presence of the microsatellite in the tk-neo fusion gene in this plasmid disrupts the normal reading frame of the neo portion of the gene. Cells with frameshift mutations that restored the correct reading frame were selected in the neomycin analog G418. Mutation rates were determined by fluctuation analysis.
These studies were done with the immortalized, nontumorigenic mouse CAK cell line (20) , which is proficient in mismatch repair (21) , and the H6 clone (22) of the mismatch repair-deficient (hMLH1 -) HCT116 human colorectal cancer cell line (23) . The results were compared with those previously obtained on cells containing the pRTM2 plasmid, which is identical to p(GAAA) 17 , except that the microsatellite insert in pRTM2 contained a (CA) 17 repeat instead of the (GAAA) 17 repeat (24) .
Mutation rate data for the repair-proficient CAK cells are shown in Table 1 . The median mutation rate of the (GAAA) 17 repeat was~10 times lower than that of the (CA) 17 repeat. DNA was isolated from 19 independent CAK-(GAAA) 17 G418-resistant clones, and PCR was carried out on the sequence including the microsatellite, in order to characterize the mutations. Figure 2A is an autoradiograph showing examples of the PCR products. All of the mutations that occurred within the microsatellite sequence in G418-resistant revertants were insertions or deletions of a multiple of 4 bp, as shown in Table 2 . All of the observed alterations were of sizes that would be expected to restore the reading frame of the neo gene, which was in the (-1) frame in the parental cells. Deletions and insertions were nearly equal in frequency, but the most common single class of revertants consisted of insertions of 4 bp. The distribution of types of mutation in the CAK cells containing the (CA) 17 repeat was similar (Table 2) ; there were approximately equal numbers of insertions and deletions, and the most common single class consisted of 4 bp insertions.
[Note that 4 bp in the case of the CA repeat represented two repeat units, whereas in the case of the GAAA repeat, 4 bp would be a single repeat unit. Insertion of one 2 bp unit in the CAK-(CA) 17 cells would not establish the correct reading frame, since the neo gene was also in the (-1) reading frame in these cells.]
Mutation rates for the tetranucleotide and dinucleotide repeats in the H6 cells are shown in Table 1 . As previously found for the dinucleotide sequence (21), the mutation rates of the GAAA repeat in the mismatch repair-defective line are much higher (nearly 30-fold) than those of the repair-proficient CAK cells. In H6 cells, the median mutation rate of the tetranucleotide was~5 times lower than that of the dinucleotide. All of the 13 independent G418-resistant clones that were examined by PCR had insertions of 4 bp. Examples of PCR products from these revertants are shown in Figure 2B . Mutations involving a single repeat were also predominant in H6 cells containing the (CA) 17 repeat (21).
Comparison of mutation frequencies of endogenous microsatellites in H6 cells
The results described above demonstrate clearly that a GAAA repeat is more stable than a CA repeat in both mismatch repairproficient and mismatch repair-deficient mammalian cell lines.
Although it is likely that the major factor in this difference is the length of the repeat unit, the possibility that the sequence composition plays a role cannot be ruled out on the basis of this single comparison. Other dinucleotide and tetranucleotide sequences, including a GA repeat and a GATA repeat, currently are being studied using the same methodology. In order to determine whether the difference between dinucleotide repeats and tetranucleotide repeats is likely to be a general one, we have assayed for mutations in endogenous microsatellites in H6 clones that were isolated from previous fluctuation tests; these clones had been selected for resistance to G418 resulting from frameshift mutations in a (CA) 17 repeat. Since these clones were all isolated independently, the frequencies of mutation in the unselected endogenous microsatellites should be a reflection of their mutation rates. Clones were derived from two independent fluctuation tests on four different hygromycin-resistant lines, including H6-pRTM2-B5, -A3 and -A1 ( Table 1 ). The mean number of clones analyzed for each endogenous microsatellite was 52 (range 45-60). The microsatellites examined in this survey were chosen from markers in the Genome Database (GDB; http:// gdbwww.gdb.org/ ), based on the sequences of the repeat units. These sequences are related to those that were used in the analysis with the selective system described above, but not all are identical to those sequences. All are pure repeat tracts, lacking any variant repeats, and none is located adjacent to another simple repeat sequence. The lengths of the repeat tracts, as given in Table 3 , were determined by PCR amplification and sequencing of the largest allele in the original H6 clone. (For most loci, there were two distinct alleles present in all of the hygromycin-resistant clones; in some clones, only a single allele could be distinguished at certain loci, and three alleles at the D10S1248 locus were present in all clones, presumably as the result of duplication of that region of chromosome 10.)
Each change in the position of a band was scored as a microsatellite mutation. Loss of an allele was not counted. Mutation Table 3 . The mutation frequencies of all of the tetranucleotide sequences were lower than those of the dinucleotide sequences. There was an overall 7-fold lower average mutation frequency for the four tetranucleotides (mean frequency = 0.02) than for the three dinucleotides (mean frequency = 0.14).
We also screened the same clones for mutations in a pentanucleotide repeat [D10S2325, (AGAAT) 12 ] and in three trinucleotide repeats [D12S1072, (AGG) 10 ; D1S1589, (TAA) 16 ; and D2S1397, (CAG) 8 ]. No mutations were found at the pentanucleotide repeat locus. Results with the trinucleotide repeats were mixed: no mutations were found at the D12S1072 or D2S1397 loci, whereas D1S1589 had a mutation frequency of 0.03, comparable with those of the tetranucleotide sequences ( Table 3 ).
All of the markers had high frequencies of heterozygosity in the human population (0.71-0.88); this criterion for choosing the loci to examine may have resulted in a bias toward markers with relatively high mutation rates, but there was no apparent correlation among these markers between the extent of heterozygosity and mutation frequency in the clones that we analyzed.
DISCUSSION
We have found, in a direct comparison of microsatellites inserted into the genomes of the same cell types, that the mutation rate of a (GAAA) 17 repeat is~10-fold lower than that of a (CA) 17 repeat in mismatch repair-proficient cells and 5-fold lower than that of the (CA) 17 repeat in mismatch repairdeficient (hMLH1 -) cells. We have also shown that the frequencies of mutations in endogenous tetranucleotide repeats are consistently lower than those of dinucleotide repeats in a large number of independent clones of mismatch repairdefective cells.
These conclusions are concordant with some relatively recent findings from other laboratories. Studies in yeast with a frameshift assay similar to the one used here have shown that there is little difference in mutation rates of microsatellites composed of repeat units of various sizes in a wild-type strain; however, in cells with mutations in mismatch repair genes (msh2 alone or in combination with msh3 and/or msh6), microsatellites with smaller repeat units are considerably less stable than those with larger repeat units (25) . Specifically, a dinucleotide [(GT/CA) 16.5 ] sequence had mutation rates that averaged~5 times higher than those of a tetranucleotide sequence [(CAGT) 16 ]. Chakraborty et al. (14) have reported, based on allele size distributions at microsatellite loci, that the longer the repeat unit, the more stable the sequence is in the population. They argue that data suggesting that tetranucleotide repeats are less stable than dinucleotide repeats (10, 26) were skewed by the inclusion of a few exceptionally unstable tetranucleotide microsatellites.
Tetranucleotides have been reported to be less stable than dinucleotides in the human germline (10), in esophageal adenocarcinomas with low levels of microsatellite instability (19) and in a variety of cancers that are not usually associated with hereditary non-polyposis colorectal cancer (18) . On the other hand, dinucleotides have been reported to be less stable than tetranucleotides in cervical cancers (16) and in endometrial cancer (15) . The mismatch repair status of the tumors in these studies is not known. Perhaps the most comprehensive survey of endogenous microsatellites in mismatch repair-deficient tumors, in terms of the numbers of markers and numbers of tumors examined (17) , indicated that there were fewer mutations in tetranucleotide repeats than in dinucleotide repeats. The other studies involved small numbers of tumors. Our findings are supportive of the conclusions reached by Dietmaier et al. (17) .
The results of comparisons between dinucleotide repeats and tetranucleotide repeats may depend on which specific sequences are analyzed. There are several different dinucleotide repeat sequences and numerous tetranucleotide repeat sequences. The rationale for choosing (GAAA) 17 as the first tetranucleotide to study with the selectable cell culture system was that a related endogenous sequence, D21S1245 (11), had been reported to be highly unstable in the human germline and in lymphoblastoid cells. It was somewhat surprising to find that this sequence had a considerably lower mutation rate in our system than the (CA) 17 repeat. The high level of instability of D21S1245 may be related to the complexity of that sequence. There are 19 known alleles at this locus. The allele sequence that is in GenBank (accession no. L16332, HUMUT762) contains tracts of GAAA repeats interspersed with GA repeats and other short A-rich sequences; the longest pure GAAA tract is composed of 12 repeat units. The mutations observed by Talbot et al. (11) actually involved either tetranucleotide or dinucleotide repeats. Similarly, the DNA sequences of three other endogenous tetranucleotide repeats that were reported to be highly unstable may be complex (10, 26) ; some of the mutations in at least one of these sequences (D19S244) have been shown to involve only one or two base pairs (27) .
The results of the analysis of mutations in endogenous microsatellites in clones of the H6 colorectal cancer line are consistent with the results of the direct comparison of mutation rates between the (CA) 17 and (GAAA) 17 repeats. Endogenous tetranucleotide repeats with related sequence compositions were found to be consistently more stable than dinucleotide repeats. This study was not intended to be exhaustive, but care was taken to examine only simple repeats and not compound, complex or interrupted repeats. Although we attempted to identify tetranucleotide and dinucleotide repeat markers from the GDB with comparable numbers of repeats, the repeat numbers of the dinucleotide microsatellites were all somewhat larger than those of the tetranucleotide sequences in the H6 cells. These differences in numbers of repeats could account for some of the differences in mutation frequencies. Microsatellites with larger numbers of repeats are generally more highly polymorphic than shorter tracts (28, 29) . It has also been shown in yeast that tracts made up of larger numbers of repeats have higher mutation rates (30) . It is unlikely, however, that repeat number differences of the magnitude that existed among the markers that we analyzed would account for the observed differences in mutation frequencies. For example, there is not a direct correlation between numbers of repeats and mutation frequencies among the microsatellite repeats that we examined. Two of the trinucleotide repeat sequences were smaller (eight and 10 repeats) than any of the tetranucleotide or dinucleotide repeats; therefore, general conclusions have not been reached regarding the relative stability of trinucleotides.
Very similar results were found for the same endogenous microsatellites in independent clones of the hMSH2 -LoVo colorectal cancer line, but the numbers of clones analyzed were relatively small (unpublished data). The screening approach was not used on the repair-proficient CAK cells, since the microsatellite mutation rates are generally so much lower in these cells that we would not expect to find variants at nonselected endogenous loci.
We recently reported, on the basis of comparisons of mutation rates between cells containing (CA) 17 microsatellites in the (-1) versus (+1) reading frames in the selectable system, that insertion mutations occur at higher rates than deletions in both CAK and H6 cells (31) . The frequencies of insertion and deletion mutations observed in our analysis of endogenous dinucleotide repeats in H6 were approximately equal (46% insertions and 54% deletions). The reason for this difference is unclear, but the number of observations in this study was small relative to the numbers in the direct mutation rate analysis.
It might be argued, in the case of the selected mutations in the (CA) 17 and (GAAA) 17 repeats, that the apparent difference in mutation rates was a reflection of the fact that insertion of a single GAAA repeat would bring about reversion to G418 resistance, whereas insertion of a single CA repeat would not. Similarly, deletion of a single dinucleotide repeat would result in reversion, but deletion of a single tetranucleotide repeat would not. If single repeat mutations are the most common, and there is a strong bias in favor of either insertions or deletions for repeat units of either or both types, the observed mutation rates might be skewed relative to the actual underlying rates. Although the numbers are small, the observations on mutation frequencies of unselected endogenous microsatellites in H6 cells indicate that this possibility is not likely, at least in mismatch repair-defective cells. For three of the four tetranucleotide repeat loci and two of the three dinucleotide repeat loci, it was possible to determine the numbers of repeat units involved in each mutation. Of the mutations that involved a single repeat, among the tetranucleotides the ratio of insertions to deletions was 3:3, and among the dinucleotides the ratio was 10:11. Since these ratios are nearly equal, it is unlikely that there was a strong bias in either direction in the selection experiments.
Further studies with the selectable cell culture system will make it possible to reach more general conclusions regarding the relative mutation rates of different types of microsatellite sequence. Knowledge of whether there are systematic differences based on repeat unit size will be helpful in identification of additional markers that are sensitive for studies on microsatellite instability in cancer. Sequence comparisons of this type in normal and mismatch repair-deficient cells should also contribute to the understanding of the mechanisms of DNA slippage and mismatch repair.
MATERIALS AND METHODS
Cell culture
CAK is an immortalized, non-tumorigenic line of mouse embryonic fibroblasts (20) . A thymidine kinase-deficient variant of this line, CAK-Stu3 (31), was used in these studies.
This line was cultured in Eagle's minimal essential medium supplemented with 10% defined calf serum (Hyclone, Logan, UT).
H6, which is a clone (22) of the HCT116 colorectal carcinoma cell line (23) , was obtained from Dr B. Vogelstein (Johns Hopkins University, Baltimore, MD). The LoVo cell line was established from a metastatic adenocarcinoma of the colon (32) . These human cancer cell lines were cultured in Dulbecco's modified Eagle's medium containing 10% defined calf serum.
All cells were maintained at 37°C in 5% CO 2 .
Plasmid construction
Construction of the pRTM2 plasmid, which contains a (CA) 17 microsatellite, was described previously (24) . The p(GAAA) 17 plasmid, which is identical to pRTM2, except for the sequence of the oligonucleotide insert, is diagrammed in Figure 1 . Each of these plasmids contains a fusion gene, comprised of the herpes virus thymidine kinase gene (tk) fused at its 3' end to the 5' end of a bacterial neomycin resistance (neo) gene. Oligonucleotides including the microsatellite sequences were inserted at an AatII site near the 3' end of the tk gene, such that the neo gene is in the (-1) reading frame. The plasmid also contains a bacterial hygromycin (hyg) gene.
Transfection
Cells were transfected by electroporation with 1 µg of plasmid DNA that had been linearized by treatment with HindIII. Stably transfected clones were isolated after continuous exposure to hygromycin B (150 µg/ml) for~2 weeks.
Fluctuation analysis
Fluctuation tests were carried out as previously described (31) . Ten subcultures were established from each transfected clone analyzed. Mutation frequencies to resistance to the neomycin analog G418 (500 µg/ml; Gibco BRL, Rockville, MD) were determined for each subculture. Mutation rates for each transfected clone were calculated by the method of the median (33) .
Polymerase chain reactions
One G418 R colony was isolated from each subculture and grown to confluence in a 25 cm 2 tissue culture flask. Cells were pelleted, and DNA was purified by 'salting out' of proteins, followed by ethanol precipitation (34) . PCRs were performed as previously described, with [α-32 P]dCTP included in the reaction mixture (24) . Amplification conditions were as follows: initial 7 min denaturation at 94°C; 27 cycles of 1 min at 94°C, 2 min at 55°C and 1 min at 72°C; final 6 min extension at 72°C. PCR products were separated on 6% denaturing polyacrylamide gels (1500 V, 2 h). Gels were dried and exposed to Kodak BioMax film overnight at room temperature.
Primer sequences for amplification of microsatellites that were transfected into cells were derived from the tk sequence flanking the microsatellite insert; these sequences were 5'-CAACGGCGACCTGTATAACG-3' and 5'-GATTGGTCGT-AATCCAGGAT-3'. Primer sequences used for analysis of endogenous microsatellites were obtained from the GDB (http://gdbwww.gdb.org/ ).
DNA sequencing
Sequencing was carried out with the ThermoSequenase radiolabeled terminator cycle sequencing kit (Amersham Life Science, Cleveland, OH). Reactions were performed according to the manufacturer's protocol for sequencing of plasmid DNA or PCR products, as appropriate. For extraction of DNA from individual alleles of endogenous microsatellites, the band of interest was excised from a dried polyacrylamide gel and suspended in 100 µl of H 2 O.
